The high-risk human leukocyte antigen (HLA)-DRB1, DQA1 and DQB1 alleles cannot explain the entire type 1 diabetes (T1D) association observed within the extended major histocompatibility complex. We have earlier identified an association with D6S2223, located 2.3 Mb telomeric of HLA-A, on the DRB1*03-DQA1*0501-DQB1*0201 haplotype, and this study aimed to fine-map the associated region also on the DRB1*0401-DQA1*03-DQB1*0302 haplotype, characterized by less extensive linkage disequilibrium. To exclude associations secondary to DRB1-DQA1-DQB1 haplotypes, 205 families with at least one parent homozygous for these loci, were genotyped for 137 polymorphisms. We found novel associations on the DRB1*0401-DQA1*03-DQB1*0302 haplotypic background with eight single nucleotide polymorphisms (SNPs) located within or near the PRSS16 gene. In addition, association at the butyrophilin (BTN)-gene cluster, particularly the BTN3A2 gene, was observed by multilocus analyses. We replicated the associations with SNPs in the PRSS16 region and, albeit weaker, to the BTN3A2 region, in an independent material of 725 families obtained from the Type 1 Diabetes Genetics Consortium. It is important to note that these associations were independent of the HLA-DRB1-DQA1-DQB1 genes, as well as of associations observed at HLA-A, -B and -C. Taken together, our results identify PRSS16 and BTN3A2, two genes thought to play important roles in regulating the immune response, as potentially novel susceptibility genes for T1D.
Introduction
Type 1 diabetes (T1D) is a multifactorial disease, caused by an interaction of both genetic and environmental factors. Years of research, as well as a recent large genome-wide association study agree that the major genetic contribution to T1D resides within the extended major histocompatibility complex (xMHC), 1 in which the human leukocyte antigen (HLA) class II genes, and particularly the DRB1*03-DQA1*0501-DQB1*0201 and the DRB1*04-DQA1*03-DQB1*0302 haplotypes confer the highest risk. 2 However, accumulating evidence shows that these class II genes cannot explain the entire T1D association with the xMHC. [3] [4] [5] [6] [7] Recently, Aly et al. 8 provided further evidence for the existence of additional MHC-linked T1D susceptibility genes, as they observed that siblings of DR3/DR4-DQ8 T1D patients, who were identical by descent for both extended HLA haplotypes, had a considerably higher risk than the DR3/DR4-DQ8 siblings not sharing both of these extended haplotypes.
We have earlier performed a microsatellite screen of the xMHC and found an association with D6S2223 in the extended class I region, independent of linkage disequilibrium (LD) with the known HLA class II risk alleles. 4, 6 The association was observed as a reduced transmission of allele D6S2223*3 from DRB1*03-DQA1*0501-DQB1*0201 homozygous parents in a combined T1D dataset from Norway, Sweden, Denmark, United Kingdom and France (11T vs 46NT, P ¼ 0.000004). 4, 6 Interestingly, others have suggested that if additional T1D risk factors exist on the DRB1*03-DQA1*0501-DQB1*0201 haplotype, these are situated centromeric of HLA-DRB1 and telomeric of HLA-A. 9 The xMHC is characterized by strong and extended LD, 10, 11 making it difficult to pinpoint the causal variant(s). 12 The LD pattern is also intricate and vary with regard to the underlying ancestral HLA haplo-types. 13, 14 Thus, attention must be paid to the HLA haplotype distributions in the population being studied. Of relevance for T1D, the LD on the DRB1*03-DQA1*0501-DQB1*0201 haplotype is generally stretching over longer distances than on the DRB1*0401-DQA1*03-DQB1*0302 haplotype, making it harder to capture an association on the latter haplotype. 15 This could explain why the association with D6S2223 was only observed on the DRB1*03-DQA1*0501-DQB1*0201 haplotype. Furthermore, for fine-mapping purposes the DRB1*0401-DQA1*03-DQB1*0302 haplotype, with less extensive LD, might prove to be especially useful. Finally, these differential LD patterns make it imperative to map the T1D association separately on these HLA haplotypes.
The extended class I region harbors several T1D candidate genes involved in immunological processes, 16 including the PRSS16 gene, a cluster of seven butyrophilin (BTN) genes that are members of the immunoglobulin superfamily, 17 and zinc-finger protein genes encoding transcriptional regulators involved in cell growth and differentiation. 18 The PRSS16 gene is predominantly expressed in the cortical epithelial cells of the thymus, and has been suggested to play a role in the positive selection of T cells or in T-cell regulation. 19 We have earlier screened this candidate gene for novel polymorphisms, 20 but none of the polymorphisms within the PRSS16 gene could explain the association observed with D6S2223 on the DRB1*03-DQA1*0501-DQB1*0201 haplotypic background. 21 In the current study, we performed a single nucleotide polymorphism (SNP) screen to further limit the associated region defined by the microsatellites analyzed earlier. 4, 6, 15 Initially, we analyzed the transmission of SNPs in 205 families with DRB1*03-DQA1*0501-DQB1*0201 and DRB1*0401-DQA1*03-DQB1*0302 homozygous parents, and paid particular attention to the association on the DRB1*0401-DQA1*03-DQB1*0302 haplotype, as the less extensive LD on this haplotype could guide us closer to the causal variant. Thereafter, identified associations were replicated in 725 families from the Type 1 Diabetes Genetics Consortium (T1DGC), and were also checked against other associations observed in the MHC, like the HLA class I loci.
Results
Our available dataset has changed over time (mainly because of the lack of DNA), therefore we reanalyzed the earlier reported associated D6S2223*3 allele, and the transmission distortion from DRB1*03-DQA1*0501-DQB1*0201 homozygous parents was 22%, 95% confidence intervals (CI), 8-36% (7T vs 25NT, P ¼ 0.001) in the current initial dataset of 205 families from Norway, Sweden, Denmark and France. We therefore expected the effect size and significance level for the SNP associations to be near this magnitude or stronger. We should be able to detect such an association, as the association with D6S2223 is relatively pronounced in the initial dataset used in the current study. As the association with D6S2223 was observed with an allele being negatively associated, we have focused on the negatively associated SNP alleles and haplotypes throughout the results.
The genomic region of interest for the fine-mapping was defined by pairwise LD between the diseaseassociated D6S2223 marker and 43 microsatellites spanning the xMHC used in our earlier LD screen. 15 A significant D 0 40.3 (P nc o0.05) was used as a cut-off criterion, as this has been estimated to be the minimal usable amount of LD in association studies, 22 resulting in a region of B0.8 Mb (between D6S306 and D6S1558). Single-point associations were obtained by the homozygous parent transmission disequilibrium test separately from DRB1*03-DQA1*0501-DQB1*0201 and DRB1*0401-DQA1*03-DQB1*0302 homozygous parents for the 50 SNPs successfully genotyped in the initial dataset of 205 families (Figure 1 ). The associated SNPs from this first phase screen were located telomeric of D6S2223, except rs9295746. As the associated SNPs on the DRB1*0401-DQA1*03-DQB1*0302 haplotype were localized at the very telomeric end of the initially defined 0.8 Mb region (Figure 1 ), the SNP screen was extended telomerically to cover B1.9 Mb (second phase screen).
When analyzing the 134 SNPs from the first and second phase screen together in the initial dataset, only eight showed association (Po0.05) on the DRB1*0401-DQA1*03-DQB1*0302 haplotypic background (Table 1 and Figure 1 , triangles). Seven of these associated SNPs covered an 85-kb region, in which PRSS16 is the only known protein-coding gene, and all showed the same transmission distortion (13%T (95%CI, 10-35%), P ¼ 0.02) and were in perfect LD on this haplotypic background. The last associated SNP (rs12201890; 0T vs 5NT, P ¼ 0.008) was situated B482 kb telomeric of, and in strong LD with, these seven SNPs (r 2 ¼ 0.91). The seven SNPs showed a D 0 ¼ 0.66 and r 2 ¼ 0.11 with D6S2223*3, whereas rs12201890 showed D 0 ¼ 0.51 and r 2 ¼ 0.07. Three additional SNPs were selected as candidate SNPs; that is, rs9379857 and rs1985732 were selected on the basis of reported association with allelic gene expression differences of the BTN3A2 gene, 23 and rs996247 (B22 kb upstream of PRSS16) was included on the basis of a reported novel association with T1D. 24 None of these candidate SNPs showed association on the DRB1*0401-DQA1*03-DQB1*0302 haplotype (Figure 1 ).
Twelve polymorphisms from the first and second genotyping phases (11 SNPs and a 15-bp insertion/ deletion) showed association with T1D on the DRB1*03-DQA1*0501-DQB1*0201 haplotype (Table 1) , all of which were scattered throughout the region (Figure 1, circles) . It is interesting to note that one of the three candidate SNPs, rs9379857, presumably influencing the expression of BTN3A2 was associated on the DRB1*03-DQA1*0501-DQB1*0201 haplotype (Table 1) . Overall, the strongest association was observed with rs2393963, showing a transmission distortion of 25% (95%CI, 10-40%; P ¼ 0.004), which is comparable with what we observed for D6S2223*3. Variable degrees of LD were seen between these thirteen polymorphisms, with r 2 ranging from zero to one (Figure 2a) , and seven of these were in strong LD with D6S2223*3 (defined as D 0 40.8; Figure 2b ). Within the 85 kb associated region on the DRB1*0401-DQA1*03-DQB1*0302 haplotype, two polymorphisms also showed association on the DRB1*03-DQA1*0501-DQB1*0201 haplotype, that is, rs3800307 (32%T (95%CI, 17-48%), P ¼ 0.04) and rs5030663 (33%T (95%CI, 19-48%), P ¼ 0.04). These were the only polymorphisms in perfect LD among those associated on the DRB1*03-DQA1*0501-DQB1*0201 haplotype. The LD measurements between D6S2223*3 and rs3800307 or rs5030663 (Figure 2 ), display high D 0 (0.91 and 0.90, respectively), but low r 2 (0.15 and 0.14, respectively), indicating the existence of reduced haplotype diversity between the microsatellite and these SNPs on the DRB1*03-DQA1*0501-DQB1*0201 haplotypic background.
As the number of parents homozygous for DRB1*03-DQA1*0501-DQB1*0201 (N ¼ 111) and DRB1*0401-DQA1*03-DQB1*0302 (N ¼ 62) was restricted, and the number of informative transmissions was relatively small, polymorphisms showing association by homozygous parent transmission disequilibrium test were also tested by investigating the distribution of the associated SNPs on all the transmitted (T) and non-transmitted (NT) DRB1*03-DQA1*0501-DQB1*0201 (159T vs 126NT) and DRB1*0401-DQA1*03-DQB1*0302 (117T vs 75NT) haplotypes available in the families ( Table 1) . Eight of the thirteen SNPs found associated on the DRB1*03-DQA1*0501-DQB1*0201 haplotype still showed significant association. On the DRB1*0401-DQA1*03-DQB1*0302 haplotype, none of the SNPs were significant, but a trend was observed for rs12201890 ( -log (P) Figure 1 A schematic overview of the extended major histocompatibility complex (xMHC), including some key genes (upper panel), and the association results from homozygous parent transmission disequilibrium test for all 137 polymorphisms investigated in our study (lower panel). The 134 polymorphisms tested in both the first and second phase single nucleotide polymorphism (SNP) screen were analyzed separately on the DRB1*03-DQA1*0501-DQB1*0201 (circles) and DRB1*0401-DQA1*03-DQB1*0302 (triangles) haplotypes. The same analyses were performed for the three candidate SNPs, denoted by squares (DRB1*03-DQA1*0501-DQB1*0201) and diamonds (DRB1*0401-DQA1*03-DQB1*0302). Polymorphisms with o4 informative transmissions were excluded (that is, nine SNPs on the DRB1*0401-DQA1*03-DQB1*0302 haplotype). Points above the dashed line have P-valueso0.05. Some key genetic loci in the region are denoted, and the seven DRB1*0401-DQA1*03-DQB1*0302 associated SNPs (rs6931711, rs858988, rs9368492, rs9393796, rs9348756, rs9368493 and rs6938397), in perfect linkage disequilibrium, are encircled in the plot.
that lack of power could be the reason for inability to reach statistical significance. Finally, the allelic SNP distributions on the DRB1*03-DQA1*0501-DQB1*0201 vs DRB1*0401-DQA1*03-DQB1*0302 haplotypes highlighted the differences in the constitution of these two haplotypes (data not shown) and underlined the advantage of initially mapping associations separately on these haplotypes.
In an effort to clarify the association picture, we constructed five-SNP haplotypes separately on the DRB1*03-DQA1*0501-DQB1*0201 and DRB1*0401-DQA1*03-DQB1*0302 haplotypic background for the 134 first and second phase SNPs ( Figure 3 ). All significantly associated five-SNP haplotypes were located telomeric of D6S2223 on both haplotypic backgrounds, but again, more confined on the DRB1*0401-DQA1*03-DQB1*0302 than on the DRB1*03-DQA1*0501-DQB1*0201 haplotypes.
The associations on the DRB1*0401-DQA1*03-DQB1*0302 haplotype peaked in two regions ( Figure 3a ). The centromeric peak covered an area of B48 kb across the PRSS16 gene (between SNP numbers 50 and 63; rs9393794 and rs9379968). The most significantly associated five-SNP haplotype fragment (SNP numbers 50-54; rs9393794-rs9468015-rs10946904-rs9393795-rs9368492) showed a frequency of 6.6% on the transmitted and 18.6% on the non-transmitted DRB1*0401-DQA1*03-DQB1*0302 haplotypes (OR ¼ 0.3 (95%CI, 0.13-0.81), P ¼ 0.01). The haplotype associations in this region coincided with the single SNP associations across the PRSS16 gene on the DRB1*0401-DQA1*03-DQB1*0302 haplotypic background. The telomeric peak, covering parts of the BTN-gene cluster, particularly the BTN3A2 gene, was stretching over an area of B106 kb (between SNP numbers 18 and 25; rs9393691 and rs1624064). The most significantly associated five-SNP haplotype (SNP numbers 21-25; rs9358929-rs11758089-rs2073526-rs13218591-rs1624064) showed a frequency of 5.3% on the transmitted and 16.1% on the non-transmitted DRB1*0401-DQA1*03-DQB1*0302 haplotypes (OR ¼ 0.3 (95%CI, 0.10-0.89), P ¼ 0.03). Notably, none of these SNPs showed any association in the single-point SNP analyses on the DRB1*0401-DQA1*03-DQB1*0302 haplotypic background.
In contrast, the associated five-SNP haplotypes were scattered on the DRB1*03-DQA1*0501-DQB1*0201 background (Figure 3b) , with several less defined peaks of variable sizes across almost the entire region. Associated SNP haplotypes were also present in the two regions found on the DRB1*0401-DQA1*03-DQB1*0302 haplo- type, but covering larger areas. Exploration of the LD between the 134 first and second phase SNPs revealed the presence of longer range LD, especially when investigating pairwise D 0 -values, indicating the presence of more extensive haplotype structures on the DRB1*03-DQA1*0501-DQB1*0201 compared with the DRB1*0401-DQA1*03-DQB1*0302 haplotypic background (data not shown).
Nine SNPs showing association on the DRB1*0401-DQA1*03-DQB1*0302 haplotype, either in the single SNP or in haplotype analyses (or both), were selected for replication. This strategy was chosen as the DRB1*0401-DQA1*03-DQB1*0302 haplotype showed more confined LD patterns, even though we had less power for these analyses than for those restricted to the DRB1*03-DQA1*0501-DQB1*0201 haplotype in the initial dataset. It is interesting to note that in the replication study of the T1DGC families, logistic regression analysis conditional on DRB1-DQA1-DQB1 (Table 2 ) revealed significant association with the two SNPs, rs9368492 (P ¼ 0.003) and rs9393796 (P ¼ 0.001), being in perfect LD in this dataset and located in the region close to, or containing, the PRSS16 gene. Three other SNPs showed marginally significant associations, namely rs12201890 B55 kb telomeric of PRSS16 and close to a zinc-finger gene (ZNF322A, P ¼ 0.03), as well as rs11758089 and rs13218591 in the BTN-gene cluster (in the BTN3A2 gene, P ¼ 0.05). Earlier analyses by our research group of the T1DGC families for associations within the classical MHC using HLA data and SNPs from an extensive screen (not extending into the region covered by the current study) have shown associations independent of DRB1-DQA1-DQB1 in three regions. 25 Therefore, we also added loci from these regions in the conditional logistic regression analyses ( Table 2 ). The associations with the two SNPs (rs9368492 and rs9393796) in the PRSS16 region were still significant after conditioning for DRB1-DQA1-DQB1 together with either HLA-A (Po0.01), HLA-B (Po0.01) or HLA-C (Po0.003). One of the BTN3A2 SNPs, rs13218591, lost its borderline association when either the HLA-A or -B locus was included in the main effects test, whereas the other, rs11758089, remained significant after inclusion of either of the HLA class I loci. Furthermore, in the earlier T1DGC screen we have also reported association with SNPs near HLA-G, that is, rs4122198, rs1619379 and rs2394186, 25 and others have reported association with SNPs in the UBD/MAS1L region (particularly with rs1233478). 24 When conditioning on each of these SNPs (together with DRB1-DQA1-DQB1 and HLA-B), the association with the SNPs in the extended class I region remained significant and vise versa, except for the PRSS16 SNP rs9393796 when adjusting for rs2394186 (data not shown). Both these SNPs seemed to reduce each other's effect, thereby indicating some sort of dependency between these associations. Overall, the LD between the PRSS16 SNPs and the HLA-G or UBD SNPs in the entire T1DGC dataset, and also between rs2394186 and rs9393796 Figure 3 The most negatively transmitted five-single nucleotide polymorphism (SNP) haplotypes on the (a) DRB1*0401-DQA1*03-DQB1*0302 haplotype and (b) DRB1*03-DQA1*0501-DQB1*0201 haplotype from the first and second phase. One diamond represents a five-SNP haplotype and is placed above the middle SNP number. Diamonds above the dashed line have a P-value o0.05.
Reproducible association with T1D in the xMHC MK Viken et al class I region on various DRB1-DQA1-DQB1 backgrounds, the disease associations conferred by the SNP alleles generally map to different DRB1-DQA1-DQB1 haplotypes (data not shown).
Discussion
In this study, we fine-mapped a region in the extended MHC class I region, which has earlier been shown to be negatively associated with allele D6S2223*3 only on the DRB1*03-DQA1*0501-DQB1*0201 haplotypic background. 6 Here, we report associations also on the DRB1*0401-DQA1*03-DQB1*0302 haplotypic background with novel associations in two independent datasets for SNPs both in the PRSS16 gene region and close to the BTN3A2 gene.
The observed SNP association patterns were more confined on the DRB1*0401-DQA1*03-DQB1*0302 haplotypic background compared with the more disorderly associations on the DRB1*03-DQA1*0501-DQB1*0201 background. This most likely reflects the underlying LD patterns on these two haplotypes, and we have earlier shown more extensive LD on the DRB1*03-DQA1*0501-DQB1*0201 compared with the DRB1*0401-DQA1*03-DQB1*0302 haplotypic background in the initial dataset. 15 In line with this, the DRB1*03-DQA1*0501-DQB1*0201 haplotype with its scattered association signals is probably difficult to use for finemapping purposes even though the D6S2223 association was found on this haplotype. In contrast, the DRB1*0401-DQA1*03-DQB1*0302 haplotype should provide a better chance of getting closer to the causal variant(s), as the LD stretches over shorter distances, which could also explain the lack of an association with D6S2223 on this haplotype.
The associations observed in the PRSS16 gene region on both haplotypic backgrounds were not with the same SNPs. The seven SNPs associated on the DRB1*0401-DQA1*03-DQB1*0302 haplotype were in perfect LD, and all of them showed the same transmission distortion ( Table 1 ). The two polymorphisms (rs3800307 and rs5030663) associated on the DRB1*03-DQA1*0501-DQB1*0201 haplotype in this region, were also in perfect LD, and showed similar transmission distortions, which were comparable, and not superior, to the association seen with D6S2223*3 from DRB1*03-DQA1*0501-DQB1*0201 homozygous parents in the current initial dataset. Taken together, these observations could indicate that we have not genotyped the causal variant, and are still relying on LD to detect an association.
The ORs for the associations, observed by the haplotype method, were between 0.51 and 0.56 on the DRB1*03-DQA1*0501-DQB1*0201 haplotype and between 0.43 and 0.53 on the DRB1*0401-DQA1*03-DQB1*0302 haplotype (albeit not reaching statistical significance), which are in line with other non-HLA-DRB1-DQA1-DQB1 risk loci. Besides the HLA class II DR and DQ genes, other T1D-associated loci demonstrate medium to low disease risk, with most loci having ORs o2. 26 Hence, the susceptibility locus (or loci) we are searching for is likely to display an effect size typical for non-HLA-DRB1-DQA1-DQB1 susceptibility loci.
It is interesting to note that the associations were restricted to the telomeric side of D6S2223 (except for rs9295746 on the DRB1*03-DQA1*0501-DQB1*0201 haplotype). This is in accordance with the mapping efforts by others on the DRB1*03-DQA1*0501-DQB1*0201 haplotype, which have concluded that if additional T1D risk factors are present on this haplotype they are likely to be situated telomeric of HLA-A. 9 Furthermore, it indicates that our susceptibility locus maps away from the classical MHC, although additional risk loci are also believed to exist there, in particular for HLA-B. 25, [27] [28] [29] It is interesting to note that conditional logistic regression analyses in the T1DGC dataset showed that the associations with the PRSS16 SNPs and one of the BTN SNPs were independent of HLA-B, and also of the other class I loci. The associations with the PRSS16 SNPs also seemed independent of the earlier reported UBD and HLA-G associations, though some dependency was seen in the regression analyses between one of the HLA-G SNPs and one of the PRSS16 SNPs, even though there was hardly any LD between these SNPs when calculated on the basis of the entire T1DGC dataset. Nevertheless, the LD pattern could be different on specific DRB1-DQA1-DQB1 haplotypes, but the haplotype analyses showed that the SNP associations mainly mapped to different DRB1-DQA1-DQB1 haplotypes. Ultimately, whether these SNPs to some extent pick up the same association signal will have to be readdressed when the causal variant(s) have been identified.
In this study, we show the presence of additional risk factors in the extended class I region, not only on the DRB1*03-DQA1*0501-DQB1*0201 haplotype, but also likely to be present on the DRB1*0401-DQA1*03-DQB1*0302 haplotype. The associated regions are partly overlapping with those identified on the DRB1*03-DQA1*0501-DQB1*0201 haplotype, indicating that these novel risk factors are not restricted to a specific DRB1-DQA1-DQB1 haplotype. Nevertheless, the variable LD patterns and allelic distributions on the two haplotypes supported our choice to map these associations separately until a possible common denominator has been detected.
The associations on both the DRB1*03-DQA1*0501-DQB1*0201 and DRB1*0401-DQA1*03-DQB1*0302 haplotypes in the PRSS16 region may point towards a common risk variant for these two T1D high-risk haplotypes. Both single SNPs and five-SNP haplotypes showed association in this region, and we also replicated the association observed here. Recently Aly et al. 24 reported an association with T1D upstream of PRSS16, but this SNP (rs996247) showed no association in our dataset. However, overall there is a strong evidence for an association around the PRSS16 gene. The causal variant is unlikely to be situated within the exons, introns or promoter region, as our earlier investigation of the gene included a comprehensive screen for polymorphisms. 20 Instead, it is more likely that the risk variant(s) may be a regulatory variant influencing the expression of PRSS16 or/and some other gene(s).
Analyses of SNP haplotypes on the DRB1*0401-DQA1*03-DQB1*0302 background revealed, in addition to associations around the PRSS16 gene, an association covering part of the BTN-gene cluster, and SNPs in the region containing the BTN3A2 gene showed the most pronounced association. It is interesting to note that the BTN3A2 gene has shown allelic imbalance in gene expression depending on the haplotype. 23 However, none of the two SNPs shown to be correlated with high-and low-expression transcripts were associated on the DRB1*0401-DQA1*03-DQB1*0302 haplotype, but rs9379857 showed association on the DRB1*03-DQA1* 0501-DQB1*0201 haplotype.
Both PRSS16 and the BTN3A2 are good candidate genes for autoimmune diseases like T1D. PRSS16 encodes a thymus-specific serine protease that is highly expressed in cortical thymic epithelial cells, and believed to be involved in the regulation and/or positive selection of T cells. 19 The functions of the proteins encoded by the BTN cluster are not yet fully understood, but they are expressed on the cell surface in several immunological tissues like the spleen, lymph nodes and thymus and also in the pancreas, 30, 31 and an immunological role has been implicated. The BTN genes have a strong domain similarity with other genes in the MHC, and with the B7.1 (CD80) and the B7.2 (CD86) costimulatory receptors on antigen-presenting cells. 32 The history of genetic association studies is full of false positive reports, as many fail to be reproduced. Overestimation of the effect in the initial study and/or lack of power in the replication studies may be at fault. 33 The fact that the association we identified with the PRSS16 gene region was replicated in an independent family material consisting of several different nationalities, support that this finding is a true positive result. Still, ideally the initial replication should have been performed by the same analyses used in the initial dataset. 34 This was not possible, as we had no independent HLA-DRB1-DQA1-DQB1 homozygous T1D family material available. In contrast, the association over the BTN-gene cluster was not convincingly reproduced, and the association was only identified with SNP haplotypes in the initial dataset.
Furthermore, genetic association studies can be complicated by genetic structural variants, which are increasingly being studied. [35] [36] [37] [38] [39] [40] [41] [42] [43] Within our associated region, a segmental duplication is reported, 44 which is situated between the two associated regions on the DRB1*0401-DQA1*03-DQB1*0302 haplotypic background and caused a 223-kb gap not genotyped in our study. This segmental duplication has, to our knowledge, not been studied regarding human diseases. On the basis of publicly available information from the Copy Number Variation Project (http://www.sanger.ac.uk/humgen/ cnv/) the segmental duplication was only reported within one of the CEPH families (HapMap), and hence seem to be uncommon. Preliminary efforts by using a relative quantification method to assess the presence of the segmental duplication have been unsuccessful (data not shown). Structural variations and copy number alterations have recently been found to influence the risk of complex diseases, for example, a copy number variation in the FCGR3B gene was recently found to be associated with systemic lupus erythematosus. 39, 40 Hence, the possible involvement of the segmental duplication in our associated region should be further investigated.
In this study, we have for the first time found a reproducible association on the DRB1*0401-DQA1*03-DQB1*0302 haplotype in the extended class I region telomeric of D6S2223. Hence, this study supports the existence of additional T1D predisposing factors situated in the extended MHC class I region, independent of the already known HLA DRB1-DQA1-DQB1 risk alleles. Our results suggest that the candidate regions for the novel associations identified, possibly resides within the BTN-gene cluster, but most appreciably around the PRSS16 gene.
Materials and methods

Datasets
The initial dataset was selected from 41000 T1D families, resulting in 205 families with at least one parent homozygous for the DRB1-DQA1-DQB1 haplotypes (66 Norwegian, 50 Danish, 69 Swedish and 20 French). Seven families were removed after genotyping because of incorrect inheritance patterns, bad DNA quality or poor genotyping success, resulting in 198 families for statistical analyses. A total of 81% of the families had at least one parent homozygous for the DRB1*03-DQA1*0501-DQB1*0201 (111 parents) or the DRB1*0401-DQA1*03-DQB1*0302 (62 parents) haplotypes. All individuals were already genotyped for HLA-DRB1, -DQA1 and -DQB1 alleles and numerous microsatellites, 21 and have earlier been used in microsatellite screens of the xMHC. 4, 6, 15 A replication dataset of 2746 samples (725 families; 258 families only having one parent) was obtained from the T1DGC (http://www.t1dgc.org). For association analyses only one affected child per family was used (that is, the proband when DNA was available or a randomly selected affected child (N ¼ 54)). As the underlying LD pattern is of great importance in this study, only individuals of Caucasian origin were used. Genotypes for the HLA loci were available through the T1DGC, and DRB1-DQA1-DQB1 haplotypes were manually recoded into one locus on the basis of the strong LD and confirmed by the transmission patterns in the families using the procedure described in Eike et al. 25 
Selection of polymorphisms
In the first phase screen, 46 SNPs were selected on the basis of the availability of SNPs in the Celera database in 2004 (http://www.celeradiscoverysystem.com, notably Applied Biosystems closed this site for customers in July 2005). Particular interest in the PRSS16 gene led to 17 SNPs and one insertion/deletion (rs5030663) being selected, within or in the proximity of PRSS16, on the basis of allele frequencies and LD patterns from a pilot study (unpublished data). The second phase screen extended the area of interest in the telomeric direction and closed gaps in the first phase of the SNP screen. At this time more information was available in the databases, and 97 SNPs were selected on the basis of allele frequencies, localization obtained from dbSNP build 125 (http://www.ncbi.nlm.nih.gov/projects/SNP/) or tagging ability based on the HapMap project data release #19 (CEPH, Utah residents with ancestry from northern and western Europe) 45 using pairwise tagging with r 2 X0.8 for SNPs with minor allele frequencies (MAF)X0.05. Not all SNPs selected by pairwise tagging were genotyped owing to different selection strategies, the nature of the surrounding sequences or lack of multiplexing abilities in the genotyping system. Three candidate SNPs, that is, rs9379857 and rs1985732 were also included. Altogether, 164 SNPs were genotyped, covering an area of B1.9 Mb (between D6S306 and D6S2233).
Genotyping
The majority of the 164 SNPs were genotyped using the SNPlex technology on an ABI3730 DNA sequencer (Applied Biosystems, Foster City, CA, USA). Seventeen SNPs were genotyped using the MassARRAY technology (Sequenom, San Diego, CA, USA), four by allelic discrimination (TaqMan) on an ABI7900 PRISM (Applied Biosystems) and one insertion/deletion by fluorescentbased fragment-length analysis on an ABI377 DNA analyzer (Applied Biosystems). Genotyping data for rs10946904, rs9393795, rs9368492 and rs5030663 from an earlier study of the PRSS16 gene, 21 performed only on the DRB1*03-DQA1*0501-DQB1*0201 haplotypic background, were included in the current study. Whole genome amplification of genomic DNA was performed before genotyping of the initial dataset using the GenomiPhi Amplification Kit (GE Healthcare, Little Chalfont, UK). 46 Single nucleotide polymorphisms with a genotype success rate o80% in the initial data set, MAFo0.05 or with unreliable genotype calling, were omitted, leaving 137 SNPs, in Hardy-Weinberg equilibrium, for statistical analyses. The average distance between the SNPs was 14 kb on the basis of the UCSC Genome Browser, May 2004 assembly (http://genome.ucsc.edu/). The minimum distance was 41 bp and the maximum distance was a B223-kb gap (between rs9393768 and rs12201890), caused by the difficulties in finding SNPs validated by frequency in the database (dbSNP) and not aligning to more than one position on chromosome 6, because of a segmental duplication in this region. 35, 44 Nine SNPs (rs11754384, rs9358929, rs11758089, rs2073526, rs13218591, rs1624064, rs12201890, rs9368492 and rs9393796) were selected for replication in the T1DGC family dataset, and genotyped on genomic DNA using either Taqman or SNPlex technology (Applied Biosystems). The genotyping success rate was 495%. rs9368492 and rs9393796 were in perfect LD (D 0 ¼ 1 and r 2 ¼ 1) on the DRB1*0401-DQA1*03-DQB1*0302 haplotype in the initial dataset, but both were replicated to ensure that information was not lost owing to differences in LD in the replication dataset.
Statistical methods
Association analyses were performed using the Unphased software package v2.403. 47 To exclude confounding associations because of LD with the DRB1-DQA1-DQB1 risk variants in the initial dataset, and to seek associations separately on the two high-risk and most abundant DRB1-DQA1-DQB1 haplotypes, we employed the homozygous parent transmission disequilibrium test, 6 that is, only transmissions from parents heterozygous for the test marker, but homozygous for either DRB1*03-DQA1*0501-DQB1*0201 or DRB1*0401-DQA1*03-DQB1*0302, were included.
For LD analyses and Hardy-Weinberg equilibrium tests, the Haploview software v3.2 and v3.32 were used (http://www.broad.mit.edu/mpg/haploview/). 48 Two-loci haplotypes, comprising DRB1-DQA1-DQB1 combined with one SNP, was estimated using the expectation-maximization algorithm in Unphased v2.403. Longer haplotypes were constructed using the FAMHAP program with a one-directional progressive extension technique and estimations with respect to affection status. 49 Individuals/families with missing genotypes were included when at least one genotype was available. Haplotype fragments of the 134 polymorphisms from the first and second phase, consisting of five SNPs in a sliding window (131 sliding windows), showing a likelihood weight equal to one were included in the analysis. The distribution of SNPs on the transmitted and non-transmitted haplotypes being either DRB1*03-DQA1*0501-DQB1*0201 or DRB1*0401-DQA1*03-DQB1*0302 was analyzed separately using the haplotype method. 50 OR with corresponding 95%CI were calculated using Woolf's formula with Haldane's correction. A comparison between the association on the DRB1*03-DQA1*0501-DQB1*0201 and the DRB1*0401-DQA1*03-DQB1*0302 haplotype was performed to search for overlapping associated regions.
P-values o0.05 identified in the initial dataset were not corrected for multiple testing, but tried replicated in the independent T1DGC family material, not selected to have DRB1-DQA1-DQB1 homozygous parents. Only 18 parents were homozygous for the DRB1*0401-DQA1*03-DQB1*0302 haplotype, hence the homozygous parent transmission disequilibrium test could not be used owing to the lack of power. Owing to the larger population heterogeneity in the replication dataset (individuals from North America, Australia and all over Europe were included), we were reluctant to embark on the haplotype method. Hence, we opted for a conditional logistic regression analysis, thus employing the main effects test in Unphased v2.403 47 with DRB1-DQA1-DQB1 as the conditional locus. The procedure for the grouping of DRB1-DQA1-DQB1 haplotypes is described in Eike et al. 
